Femtosecond laser guiding of a high-voltage discharge and the restoration of dielectric strength in air and nitrogen Phys. Plasmas 19, 123502 (2012) Compact high-speed reciprocating probe system for measurements in a Hall thruster discharge and plume Rev. Sci. Instrum. 83, 123503 (2012) On the streamer propagation in methane plasma discharges J. Appl. Phys. 112, 113301 (2012) One-dimensional hybrid-direct kinetic simulation of the discharge plasma in a Hall thruster Phys. Plasmas 19, 113508 (2012) Consideration of the electron energy distribution function shape in a Ar and N2 global model J. Appl. Phys. 112, 103303 (2012) Additional information on J. Appl. Phys. Management of nanosize powder particles via control of plasma parameters in a low-pressure SiH 4 discharge for silicon microfabrication technologies is considered. The spatial profiles of electron and positive/negative ion number densities, electron temperature, and charge of the fine particles are obtained using a self-consistent fluid model of the electronegative plasmas in the parallel plate reactor geometry. The model accounts for variable powder size and number density, powder-charge distribution, local plasma nonuniformity, as well as UV photodetachment of electrons from the nanoparticles. The relations between the equilibrium discharge state and powder properties and the input power and neutral gas pressure are studied. Methods for controlling the electron temperature and SiH 3 Ϫ anion ͑here assumed to be the powder precursor͒ density, and hence the powder growth process, are proposed. It is shown that by controlling the neutral gas pressure, input power, and powder size and density, plasma density profiles with high levels of uniformity can be achieved. Management of powder charge distribution is also possible through control of the external parameters.
I. INTRODUCTION
Generation of particulates ranging in size from nanometers up to tens of microns has been observed in many processing plasmas used in the semiconductor industry.
1-4
The fine particles, or powder, can be detrimental in dry etching and deposition for manufacturing ultra-large scale integrated ͑ULSI͒ functionalities and devices. These so-called killer particles, tend to deposit on the wafer during the processing and can adversely affect the designed features of the integrated circuitry.
On the other hand, for manufacturing certain electronic materials 5 the presence of fine particulates in the plasma is desired or beneficial. 6 For example, powder agglomeration ͑the ␥ regime͒ is often utilized in plasma enhanced chemical vapor deposition ͑PECVD͒, 7 since the powder enhanced plasma chemistry and lowered sheath potentials can lead to faster deposition rates and lower defect densities. 8 Processing of plasma produced and trapped or externally injected fine particles in plasmas can be useful in fabricating objects such as coated or layered grains with specific surface structure, color, and/or fluorescent properties, 1, 9 or nanostructured surfaces with the required properties. 6, [10] [11] [12] The integrated process of nanoparticle creation and ordered deposition of the processed objects is one of the most promising methods for the synthesis of new composite materials. 6 Plasma grown nanopowder can be used to modify the structure-property relationships, domain structure, and growth dynamics in the integration of various epitaxial oxide and other films on silicon-based nanostructures. [13] [14] [15] The powder particles can also affect the nucleation of ultrafine crystallites in amorphous silicon-based films, 16 as well as the thermoelectric and other properties of silicon-based films in silicon on insulator ͑SOI͒ and other microfabrication technologies. 17 In practical applications, it is often necessary to control, or manage, the size, density, electrical charge, and transport characteristics of the powder. 6 For example, powder size management is crucial in low-temperature deposition of polymorphous and polycrystalline silicon films. 10,18 -20 In particular, growth of silicon clusters and crystallites, while avoiding their agglomeration, is often desired. 10 In ULSI manufacturing, to minimize the harmful effects of the nanoa͒ particles it is necessary to either suppress powder generation 21 or transport/filter the contaminant particles out of the processing volume. [22] [23] [24] One can then develop process cycles such that the substrate regions sensitive to powder fallout are free of contaminated plasma. 4 To this effect powder charge management is important since the charge of the particles determines both their confinement and their motion to or from the processed surface.
Nanometer sized powder particles or grains are usually generated inside the plasma from precursors, and the plasma determines the powder properties. Therefore, powder management is possible only through control of the plasma parameters and the chemical reactions inside the reactor. The reaction rates depend on many factors, especially the precursor density and neutral gas and electron temperatures. 25, 26 Furthermore, nonlinear, nonlocal, and other complex plasma effects 27, 28 can strongly affect powder formation. Thus, efficient powder management implies appropriate control of the plasma parameters.
The goal of efficient nanopowder management of chemically active processing plasmas has stimulated extensive studies of the origin and growth, 1,2,29,30 charging, and transport of fine particles ͑see, e.g., Refs. 31-35 and the references therein͒. However, most of the existing modeling efforts on the powder-containing plasmas are limited to rather simple cases of the absence of negative ions or spatial uniformity of the plasma parameters.
In this article we consider low-pressure powdergenerating silane (SiH 4 ) plasmas often used in semiconductor manufacturing, and propose a practical model of a parallel-plate electronegative discharge containing nanopowder. In the model, it is assumed that SiH 3 Ϫ is the most abundant negative ion in the plasma and a major powder growth precursor. This assumption is supported by the data of Boufendi and Bouchoule 8 suggesting that the SiH 3 Ϫ aniontriggered clustering ͑via successive dissociative attachment reactions͒ process
can be responsible for the initial nanoparticle growth. Other mechanisms for clustering in silane plasmas involving growth kinetics through neutral and charged clusters have also been proposed. 21, 29, 36 We demonstrate that nanopowder can be effectively managed through control and optimization of the plasma parameters that affect powder formation in SiH 4 electronegative discharges. In the proposed self-consistent fluid model of the electronegative parallel-plate high-density (у10 10 cm Ϫ3 ) plasma discharge, only relatively large nanoparticles ͑with size of about 10 nm͒ are considered. Thus, quantum effects in powder formation and charging can be ignored. To calculate the grain charge we use the conventional orbit motion limited ͑OML͒ electrostatic probe theory. [37] [38] [39] It should be pointed out that the frequently used assumption of monodisperse dust charge fails for the size range of interest here because of large charge fluctuations. 40, 41 In this case the full width at half maximum ͑FWHM͒ of the grain charge distribution function ͑CDF͒ can be comparable to the average powder charge. [37] [38] [39] We also note that earlier works on modeling of powder-containing discharges usually sidestep the intrinsic plasma nonuniformity. Furthermore, since the powder size is relatively small, UV photodetachment ͑UVPD͒ can strongly affect the grain charge distribution as well as the plasma properties. 37, [42] [43] [44] In particular, the emitted photoelectron current can be so large that small grains can become positively charged. [42] [43] [44] [45] Thus, we will obtain the CDFs taking into account the spatial variation of the plasma parameters such as the electron temperature, electron, and positive/negative ion densities. The effects of UVPD will also be considered.
We investigate the effects of power absorbed by the plasma, the neutral gas pressure, as well as photodetachment of electrons from the grains on the plasma parameters. Conditions that enable efficient electron temperature and negative ion (SiH 3 Ϫ , taken to be the powder precursor͒ density control, and hence particle growth, are established. The effect of the external parameters on the CDF of the nanoparticles is also studied. We show that by controlling the powder properties one can also manage the electron temperature, electron and positive/negative ion densities, and other discharge parameters. Effective methods for controlling the uniformity of the positive ion density through management of the powder properties are proposed.
This article is organized as follows. The basic assumptions, equations, and boundary conditions of the hydrodynamic model are described in Sec. II. The conditions for determining the powder CDF, as well as description of the numerical method used in the self-consistent calculation of the powder and discharge parameters are presented. Section III details the effects of the powder density and size, the external control parameters ͑the input power and neutral gas pressure͒, as well as UV photodetachment on the main discharge parameters. In Sec. IV we summarize the main results and discuss their potential importance, ways for improvement of our model are also discussed. A summary of this work and an outlook for future research are also presented.
II. DISCHARGE MODEL
Our study of electronegative plasmas loaded with nanoparticles consists of two parts which are coupled in a selfconsistent numerical scheme. The parts deal with the charging of particles and the self-consistent determination of the local plasma properties, respectively. The latter include the electron and positive/negative ion densities, and the electron temperature.
A. Basic assumptions
For simplicity, we restrict our attention to a onedimensional ͑1D͒ parallel-plate discharge geometry. It is assumed that the discharge is bounded at xϭϮL/2 by metal or dielectric surfaces and symmetrical with respect to midplane xϭ0. Quasistationary plasma states are considered. The electric field sustaining the plasma is uniform along x direction.
Considering a silane SiH 4 discharge we assume that the electrons, SiH 3 ϩ positive ions, SiH 3 Ϫ negative ions, and the nanoparticles are the main species in the plasma. This dis-charge modeling is based on data from typical silane-based discharges with the highest number densities of singly charged SiH 3 Ϯ ions. 46 The simpler ͑compared to that in some other works 47, 48 ͒ species composition allows us to obtain self-consistent nonuniform profiles of the discharge parameters and CDFs of the nanopowder in a relatively simple manner. The effect of UVPD of electrons from the nanopowder on the plasma state and charge of the powder is accounted for ͑see, Sec. III E͒. We shall consider relatively large ͑say, 10 nm͒ powder, so that a quantum treatment in the calculation of the grain charge is not necessary. We shall use the conventional orbit motion limited ͑OML͒ probe theory to obtain the particle charge. [37] [38] [39] We assume that the nanoparticles are uniformly distributed along the x axis in the center part of the discharge, and the density drops linearly to zero at the plasma boundary ͑Fig. 1͒. The profile of the powder density is chosen to fit that typically observed in the powder growth experiments. 49 The dispersion of the powder size is neglected. Since the latter have a much larger mass ͑a 2 nm grain contains about 1000 atoms 37 ͒ than the other charged and neutral particles, they are treated as immobile point masses. For all the charged particles the energy distribution functions are assumed to be Maxwellian. Furthermore, the ions and neutrals are at the room temperature ͑300 K͒.
B. Electron and ion balance equations
We will use the ambipolar fluid model for the plasma, which is assumed to be in a quasineutral state. Thus, there is balance of the fluxes of the positive and negative charged particles at the grain surface
where n ␣ and ⌫ ␣ are density and flux of the species ␣ ϭe,i, and Ϫ, corresponding to electrons, positive and negative ions, respectively, n d k is density of the nanoparticles having the charge Z d k ϭke ͑with e the elementary charge and k
The expressions for the charged particle fluxes are 50 ⌫ e ϭϪD e ‫ץ‬ x n e Ϫn e e E, ͑3͒
where D ␣ ϭT ␣ /m ␣ ␣n and ␣ ϭD ␣ /T ␣ are the diffusion and mobility coefficients, respectively. Here, E is the ambipolar electric field, and ␣n are the effective rates of momentum transfer of the species ␣.
Taking into account plasma quasineutrality ͑1͒ and balance of the charged-particle grain currents ͑2͒, one can eliminate E and n Ϫ in Eq. ͑4͒ to obtain the following expressions for the electrons and positive ions
fluxes, respectively, where
. The conservation equations for the electrons, positive and negative ions are
where i and att are ionization and attachment rates, respectively, K rec is positive-negative ion recombination coefficient, and ␣d k is the frequency with which a plasma particle of species ␣ attaches to a powder particle of charge Z d k . The expression for the frequency is presented in Sec. II D.
Applying Eq. ͑1͒, one can eliminate the number density of the negative ions from the positive-ion balance Eq. ͑9͒ to obtain
which will be needed in the numerical analysis.
Power balance in the electronegative plasma is given by 51 3 2 n e ‫ץ‬ t T e ϩ‫ץ‬ x q e ϷϪn e J e ϩS ext , ͑12͒
where q e ϷϪ5n e T e /(2m e en ‫ץ)‬ x T e is the heat flux density, and
is the collision integral of the electrons. Here, j is the rate for collisions of electrons with other particles and E j is the energy loss in the collisions. Since the powder density is small compared with the neutral particle density, it can be assumed that the energy lost by electron-neutral collisions is dominant.
The plasma electrons are heated by the rf fields, the Joule heating term S ext in Eq. ͑12͒ is 51 S ext Ϸn e en m e u osc 2 , where u osc is the time-averaged oscillation velocity of the electrons in a rf field. Quasistationary state of the plasma corresponds to setting ‫ץ‬ t ϭ0 in all the equations. Our approach is valid for fixed rf power absorption P in per unit area, with
and for determining the electron-neutral collision rates in Eqs. ͑8͒-͑10͒ and ͑12͒, the dependence of the rate coefficients on the electron temperature is found using the cross sections for SiH 4 electron-neutral collisions 52 and assuming Maxwellian electron energy distribution. They are presented in Table I .
C. Boundary conditions
The boundary conditions needed for integrating Eqs. ͑8͒, ͑11͒, ͑12͒ are now discussed. Because of the symmetry of the discharge, the gradients of the electron temperature and electron/ion number densities are zero at xϭ0. Since the plasma is ambipolar, at the slab edges (xϭϮL/2) the electron and positive-ion fluid velocities are equal to the Bohm speed B ϭͱT e n i /m i n e . 50 The boundary conditions for the electron heat flow are
and since the negative ion temperature is much lower than that of the electrons, the negative ion flux at the negatively charged discharge walls is small compared to that of the electrons and can thus be neglected.
D. Particle charging
It is believed that the nanoparticles are charged mainly by collection of electrons and positive ions. Negative ions can also attach to the nanoparticles, and together with the electrons they bring negative charge onto the grains. However, since T i ӶT e , the negative ion flux at the grain is much smaller than the electron flux and can thus be neglected.
We recall that in the powder size range considered (ϳ10 nm) quantum effects in the attachment process are unimportant. The electron and ion fluxes at the grain can be described by the OML probe theory. [37] [38] [39] The rates at which a grain with charge Z d k ϭke collects electrons and ions are then [37] [38] [39] 
where u e ϭ(8T e /m e ) 1/2
, ⑀ e ϭT e , a d is the fine particle radius, q e,i ϭϯe is the electron and ion charge, respectively. Taking into account that the drift velocity (v i ϭ⌫ i /n i ) of the positive ions can be equal or larger than the ion thermal velocity, we have u i ϭ(v i 2 ϩ8T i /m i ) 1/2 and ⑀ i ϭm i u i 2 /2. The charge distribution of grains of radius a d is described by the fraction F k of grains carrying the charge ke. In the steady state the recursive relation for the charge distribution is 37
so that starting with any F k and taking into account the normalization ⌺ k F k ϭ1 one can find from Eq. ͑16͒ the charge distribution of the powder particles. Thus, at powder density
Photodetachment of electrons from the grains by UV radiation, secondary electron emission due to energetic electrons in the sheaths of rf discharges, and detachment due to quenching of excited atoms at the grain surface can also affect the particle charge and plasma properties. 37 The effect of the UVPD processes on the powder and discharge parameters will be discussed in Sec. III E.
E. Numerical method
The set of equations describing nanoparticle-loaded electronegative plasmas given in Sec. II is highly nonlinear and its solution requires rigorous numerical routines. Our numerical code consists of two major blocks describing a twostep solution process.
The integration begins with a guessed initial plasma state, followed by a two-step calculation cycle. The initial profiles of n i,e , ⌫ i,e , T e , and
are estimated from earlier rough analytical or computational estimates. From the guessed powder CDF the profiles of the electron/positive ion densities and velocities, as well as the electron temperature, are computed from Eqs. ͑8͒, ͑11͒, and ͑12͒. Then, using the calculated plasma parameters the powder CDF is calculated from Eq. ͑16͒. The cycle is repeated until the parameters become constant within a prescribed tolerance.
The governing Eqs. ͑8͒, ͑11͒, and ͑12͒ are solved using a finite difference scheme based on the balanced integrointerpolation method. 54 A detailed description of the numerical method can be found in Ref. 55 . The computation is carried out for parameters ͑pressure range, plasma size, input power, and powder size and density͒ typical in modern ICP reactors 56, 57 and experiments on fine powders in silane-based plasmas. 49 
III. RESULTS
The interdependence of the characteristics of the nanoparticles and the discharge plasma are of particular interest in this section. We vary either the powder parameters ͑size and density͒ or the discharge control parameters ͑input power P in and neutral gas pressure p 0 ) and monitor the variations of the nanoparticle CDF and the discharge characteristics ͑elec-tron density and temperature, and positive and negative ion densities͒. The study is carried out for powders with radii of 5, 7, and 10 nm at densities n d ϭ10 6 -2.0ϫ10 9 cm Ϫ3 . Formation of particles with such sizes and densities is typical for laboratory silane plasmas. For example, in the experiment of Boufendi and Bouchoule 49 the formation of 10 nm powder with ϳ2ϫ10 9 cm Ϫ3 was observed ͑see 
A. Effect of powder density
To simulate the formation of powder particles, we varied the fine-particle density in our calculations. The study was carried out for a plasma slab with Lϭ3 cm, gas pressure of 100 mTorr, and grain radius of 10 nm. It is assumed that the overall powder density n d is uniform for xр1 cm and linearly decreases to zero at xϭ1.5 cm, as shown in Fig. 1 .
and n e at xϭ0 on total powder density n d are presented in Fig. 2͑a͒ . Positive ion density profiles for different nanoparticle densities are shown in Fig. 2͑b͒ . One can see that an increase of the fine particle density is accompanied by a drop of electron density and increase of the ion density. The variations of the charged particle densities can be attributed to the effect of the nanoparticles on the electron temperature and on the diffusion of positive ions. Indeed, the electron temperature is 1.49, 1.62, and 1.72 eV for the fine particle densities 10 8 , 5ϫ10 8 , and 10 9 cm Ϫ3 , respectively. The growth of the electron temperature is due to the additional loss of electrons to the powder particles. Since the total surface of the powder particles rises with the powder density, the number of electrons collected by the particles also increases. The electron loss is compensated by enhanced ionization through increase of T e . Thus, at fixed input power, the growth of the nanoparticles is accompanied by a drop of the electron density. With increase of the total nanoparticle density, the absolute value Fig. 2͑a͔͒ of the ͑negative͒ powder charge per unit volume appearing in Eq. ͑1͒ also increases. The relative increase (͉⌺ k n d k Z d k /n i ͉) with respect to the positive ion density is maximum near xϭ1 cm. To maintain quasineutrality of the plasma, the positive ion density also increases in this region, as shown in Fig. 2͑b͒ . This increase is accompanied by a decrease of the positive ion density gradient at the central part (xр1 cm) of the discharge and decrease of positive ion drift velocity ͓see Fig. 2͑c͔͒ . The change in the drift velocity affects the diffusion loss of the positive ions, thus also the absolute value of the positive ion density, which increases weakly with the powder density ͓see Figs. 2͑a͒ and 2͑b͔͒. ϫn e ͑4͒ at xϭ0 in a 100 mTorr discharge sustained plasma slab 3 cm in thickness at a nanoparticle radius a d ϭ10 nm and an input power P in ϭ0.12 W/cm 2 in dependence of powder density ͑a͒. Profiles of positive ion density ͑b͒ and positive ion velocity ͑c͒ at the same conditions as in Fig.  2͑a͒ . The curves 1, 2, and 3 for n i in ͑b͒, and solid, dashed, and dotted lines in ͑c͒ for v i correspond to n d ϭ10 8 cm Ϫ3 , 5ϫ10 8 cm Ϫ3 , and 10 9 cm Ϫ3 , respectively. Figure 2͑a͒ shows that the negative ion density is practically constant at low (n d р7ϫ10 8 cm Ϫ3 ) powder densities, and it drops when n d becomes higher. This nonlinear behavior of n Ϫ may be explained as follows: at low powder densities the effect of the nanoparticle on the negative ions is small, and n Ϫ depends mainly on electron attachment. The latter is enhanced by increase of the electron temperature, and weakened by decrease of the electron density. Since with increase of the powder density, T e grows and n e drops, the negative ion density is practically constant at low nanoparticle densities, as can be seen in Fig. 2͑a͒ , but with the increase of n d , the nanoparticles can strongly affect the negative ion density. Because the positive ion density changes only slightly with powder density, and the discharge is quasineutral ͓Eq. ͑1͔͒, the growth in n d is accompanied by decrease of n Ϫ for n d Ͼ7ϫ10 8 cm Ϫ3 ͓see Fig. 2͑a͔͒ . As expected, the decrease of electron density with increase of the powder density is accompanied by a decrease of the average negative charge on the fine grains, as shown in Fig. 3͑a͒ . Therefore, the powder CDF shifts in the direction of lower negative charge as the powder density increases, as can be seen in Fig. 3͑b͒ . The maximum of the CDF as well as its FWHM are practically independent of the powder density.
B. Effect of powder size
In this section, we study the effect of the powder size variation on the plasma and other powder parameters. This roughly models the size growth of the nanoparticles. In Figs. 4͑a͒-4͑c͒ the density profiles of the plasma species are shown for the powder radii 5, 7, and 10 nm.
Figures 4͑a͒ and 4͑b͒ show that the electron density decreases as the powder size increases, while the positive ion density increases slightly and its profile becomes flatter in central region of the plasma. This behavior can be attributed to the variation of the electron temperature and powder charge with the powder diameter: T e is 1.53, 1.64, and 1.83 eV for powder radii of 5, 7, and 10 nm, respectively. Physically, this is because a larger powder surface area supports higher loss of the plasma electrons that have to be reinstated by higher rate ionization at increased electron temperature. An increase of the electron temperature also leads to increase of the collision integral J e in Eq. ͑12͒, and for constant P in it has to be accompanied by a decrease of the electron density. 9 cm Ϫ3 for the nanoparticle radii: ͑1͒ 5 nm, ͑2͒ 7 nm, and ͑3͒ 10 nm. The dashed, dotted, and solid lines in ͑c͒ for n Ϫ , as well as in ͑d͒ for F k ͑at xϭ0.52 cm) correspond to a d ϭ5, 7, and 10 nm, respectively.
As the grain surface area grows, the average powder charge increases ͓Fig. 4͑d͔͒. Therefore, the charge per unit volume ͉⌺ k n d k Z d k ͉ also increases. This then leads to the increase of n i and the shoulders in its profile. The reasons for the increase are the same as that occurring when the powder density is increased ͑see Sec. III A͒.
For the plasma parameters considered here, the negative ion density is practically independent of the powder size ͓Fig. 4͑c͔͒. This may be attributed to the fact that the creation of negative ions in the discharge is by attachment of electrons to neutral atoms ͓see Eq. ͑10͔͒, and is thus dependent only on the electron density and temperature. Lowering the electron density leads to lowering of the negative ion density, and vice versa. Raising T e will increase the production of powder. As the powder size increases, the electron density will be lowered and the electron temperature increased, thus leaving n Ϫ practically independent of a d . We note that with the decrease of the powder radius, the powder CDF becomes sharper and shifts towards smaller negative charge ͓see Fig.  4͑d͔͒ .
C. Effect of input power
Here we consider the possibility of management of powder and discharge properties through input power P in control. We vary P in and observe the behavior of the nanoparticles and the discharge properties. The dependencies of n e , n i , n Ϫ , and ͉͗n d Z d ͉͘ at xϭ0 on P in are depicted in Fig. 5͑a͒ .
One can see that an increase of the power is accompanied by a rise of the positive and negative ion densities, and an even stronger rise in the electron density. When P in increases from 0.3 to 4.8 W/cm 2 , n e , n i , n Ϫ increases from 2.6, 36.1, and 8.49ϫ10
9 cm Ϫ3 to 7.3, 15.2, and 3.1ϫ10 10 cm Ϫ3 , respectively. One can see from Fig. 5͑a͒ that n i and n Ϫ increase with the input power faster at low powers. This is because the positive ion density is higher than that in the powder-free discharge under the same conditions, and it increases with the powder density. Another process that affects the positive ion density is positive-negative ion recombination. Since the latter increases with the input power, the growth of n i will be somewhat weaker at higher powers. This behavior occurs only in plasmas with negative ions and charged grains.
For the parameters of Fig. 5 , the electron temperature at the discharge midplane xϭ0 is 1.83, 1.63, and 1.6 eV for P in ϭ0.3, 2.4, and 4.8 W/cm 2 , respectively. Enhancement of the electron temperature with power drop is in our opinion due to additional electron loss to the nanoparticles. If powder density is kept constant, the relative fine particle density with respect to n e increases at lower input powers. Therefore, with power decrease the proportion of the plasma electrons collected by the powder particles increases with respect to that absorbed by the discharge walls. The complex plasma then self-organizes to compensate for the additional electron loss by increasing ionization and the electron temperature.
The positive-ion density profiles n i for different power absorbed per unit area are shown in Fig. 5͑b͒ . Similar to the case of powder-size increase discussed in Sec. III B, the n i profile becomes significantly flatter when the power decreases ͑nanoparticle effect increases͒. Since the density of the electrons taking part in the electron-neutral attachment process grows with power input, the negative-ion density also rises ͓curve 3 in Fig. 5͑a͔͒ . The averaged powder charge increases with the power input ͓Figs. 5͑a͒ and 5͑c͔͒. This may be attributed to a rise of the electron and ion fluxes at the nanoparticles at higher powers. However, the maximum of the powder CDF decreases slightly with power input.
D. Effect of neutral gas pressure
The effect of the neutral gas pressure on the electrons and ions, as well as the powder CDF, are also investigated. The profiles of the charged particle densities are shown in Figs. 6͑a͒-6͑c͒ for different neutral gas pressures in the range from 50 to 200 mTorr. One can see in Figs. 6͑a͒ and 6͑b͒ that an increase of the pressure is accompanied by decreases in the electron and positive-ion densities. The electron temperature also decreases with the pressure ͑e.g., T e at xϭ0 is 1.57, 1.69, and 1.83 eV for pressures of 200, 100, and 50 mTorr, respectively͒. We recall that in electropositive FIG. 5 . Electron ͑1͒, positive ͑2͒, and negative ͑3͒ ion densities, and
Ϫ3 , and a d ϭ10 nm in dependence on input power P in . Positive ion density profile ͑b͒ and F k ͑c͒ at xϭ0.52 cm for the same conditions as in ͑a͒. The curves 1-3 for n i in ͑b͒, and solid, dashed, and dotted lines in ͑c͒ for F k correspond to P in ϭ0.3, 2.4, and 4.8 W/cm 2 , respectively.
argon plasmas, pressure increase is usually accompanied by an increase of the electron density and decrease of the electron temperature ͑see, e.g., Fig. 6 of Ref. 55͒. We believe that the reason for the decrease of the electron density ͑silane plasma͒ is that here the electron collision integral J e in Eq. ͑12͒ increases with pressure. One can show that in the parameter range of interest the main power loss is from vibrational excitation of the silane molecules. Owing to the rather low energy threshold ͑0.1-0.3 eV͒ for the process, the major collision rates are somewhat less sensitive to the electron temperature dependence on p 0 than to the change in the density of the neutrals. Contrary to the electron and positive ion densities, the negative ion density increases slightly with pressure. The growth of n Ϫ may be attributed to the decrease in positivenegative ion recombination as described by the term n i n Ϫ K rec in Eq. ͑10͒ since n i decreases with the pressure. Figure 6͑d͒ shows that because of electron density and temperature decrease, the average powder charge also decreases with the pressure. However, the maximum of the powder CDF increases slightly.
E. Effect of photodetachment of electrons
The nanopowder charging process can also be affected by photodetachment of electrons due to UV photons, secondary electron emission due to energetic electrons in the sheaths, and electron detachment due to quenching of excited atoms at the powder surface. Taking into account these processes, one can rewrite the recursive relation for the nanoparticle CDF in Eq. ͑16͒ as 37
where ␥ , qu , and se are the charging rates due to resonant UVPD of electrons, quenching of excited atoms, and secondary electron emission, respectively. In typical laboratory electronegative plasmas with nanoparticles, 49 we have ␥ ӷ qu , se , as shown in Fig. 8 of Ref. 37 . Therefore, we will consider only the effect of UV photodetachment on the charge of the nanoparticles and the plasma properties. We vary the charging frequency ␥ and follow the electron temperature, electron/ion densities, and powder CDF. Determination of the frequency ␥ is rather complicated, 37 and because of a lack of information on the Si:H particles, ␥ is usually estimated only qualitatively. Photodetachment of electrons from the nanoparticles can also affect electron balance in the discharge. To take into account the effect, the term ␥ n d was added to the right-hand side of the electron balance Eq. ͑8͒.
In the numerical evaluation, the charging rates ␥ ϭ10 3 ,10 5 ,10 6 ϫn e /n e (0)s Ϫ1 , were considered, where n e (0)
is the electron density at xϭ0. The term n e /n e (0) in the expression for ␥ is to account for the spatial nonuniformity of the excited atoms ͓see Eqs. ͑4͒ and ͑19͒ of Ref. 37͔ and thus the nonuniformity of ␥ . The rates used here are consistent with the range (10 3 -10 6 s Ϫ1 ) obtained in Ref. 37 for the experimental conditions of Ref. 49 .
The equilibrium spatial profiles of the plasma particle densities at different photodetachment frequencies are shown in Figs. 7͑a͒-7͑c͒ . For the parameters of Fig. 7 , the electron temperature at the discharge midplane xϭ0 is 1.83, 1.82, and 1.72 eV for ␥ ϭ10 3 ,10 5 , and 10 6 ϫn e /n e (0) s Ϫ1 , respectively. One can see that increase of photodetachment is accompanied by decrease of the electron temperature and average powder charge ͓Fig. 7͑c͔͒. This behavior can be interpreted as follows: if UVPD is increased at constant power input P in , electrons are removed from the nanoparticles, so that the free electron density in the discharge increases, as can be seen in Fig. 7͑a͒ . Thus, the number of electrons taking part in the ionization of the neutrals increases with UVPD, so FIG. 6 . Profiles of n e ͑a͒, n i ͑b͒, and Fig. 5. that a lower electron temperature is needed to maintain the diffusion equilibrium in the plasma.
Since with the increase of UVPD of electrons from the nanoparticles, the growth of ␥ is accompanied by diminishing of the averaged negative charge accumulated on the particles, as can be seen in Fig. 7͑d͒ . Because of the charge drop the effect of the powder particle on the positive ion profile weakens as UVPD of electrons increases, and the positive ion density becomes lower, especially near xϭ4.5, where the effect of the nanoparticles is more essential. The density of the negative ions remains practically independent of ␥ in the parameter range of interest. Figure 7͑d͒ also shows that the maximum of the grain CDF decreases slightly with increase of UVPD. This agrees with results reported by Kortshagen et al.
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IV. DISCUSSION AND CONCLUSION
In this section we will summarize our main results and comment on their significance and possible applications. From the results of Sec. III one can conclude that the plasma parameters such as the electron temperature and the electron/ ion densities, can be managed by controlling the external parameters such as the input power and neutral gas pressure. Furthermore, the discharge properties depend strongly on the size of the powder particles and their concentration. In particular, the electron temperature in a SiH 4 discharge can be lowered by elevating the neutral gas pressure or decreasing the powder size or its density. In contrast to a powder-free plasma, the electron temperature in the electronegative discharge containing nanosize particles of fixed density and size will increase when the input power decreases. This is attributed to an increase in the relative number of electrons collected by powder grains compared to that deposited on the chamber walls.
Electron temperature control is important in many processing plasmas. In fact, the quality of PECVD-fabricated silicon films depend strongly on T e . To obtain a high quality film one has to keep T e low. 25 Increase of the deposition rate in PECVD is possible by raising T e in the plasma reactor. 8 To manage powder growth one also has to control the T e , by speeding up or slowing down the growth process through increasing or decreasing T e , respectively.
The computations also show that the SiH 3 Ϫ anion ͑here assumed to be the powder precursor͒ number density can be efficiently managed. In particular, the anion density may be increased by raising the input power ͓Fig. 5͑a͔͒ or the neutral gas pressure ͓Fig. 6͑c͔͒. With increase of the powder concentration the density of the ions decreases ͓Fig. 2͑a͔͒. For the parameter regime of interest the nanoparticle size practically does not affect the density of the powder precursor ͓Fig. 4͑c͔͒. Control of the number density and reactivity of the SiH 3 Ϫ powder precursors in silane plasmas 1,26 should be useful for reducing dust contamination in the manufacturing of integrated circuits. By decreasing the density of the SiH 3 Ϫ anions, one can suppress the initial protoparticle nucleation process leading to powder growth.
From the results of our study it follows that the uniformity of positive ion density may also be controlled by changing the external parameters as well as the powder properties. An increase of relative negative powder charge per unit volume with respect to positive ion density (͉⌺ k 
is accompanied by a flattening of the n i profile in the central part of the discharge. The ratio (͉⌺ k n d k Z d k /n i ͉) maximizes near the discharge boundary, where the ion density drops due to ion diffusion to plasma walls. To maintain quasineutrality of the plasma the positive ion density increases, which is however accompanied by a decrease of the gradient of n i in the central part of the discharge. Thus, the positive ion density profile becomes flatter at higher powder densities, as FIG. 7 . Same as in Fig. 6 , but for p 0 ϭ50 mTorr and UV photodetachment rates ␥ ϭ10
3 n e /n e (0) s Ϫ1 ͑solid line͒, 10
5 n e /n e (0) s Ϫ1 ͑dotted line͒, and 10
6 n e /n e (0) s Ϫ1 ͑dashed line͒.
The curves 1-3 in ͑c͒ for ͉n d ͗Z d ͉͘ correspond to ␥ ϭ10 3 n e /n e (0) s Ϫ1 , 10
5 n e /n e (0) s Ϫ1 , and 10 6 n e /n e (0) s Ϫ1 , respectively. The other parameters are the same as in Fig. 6. shown in Fig. 2͑b͒ . The uniformity of n i improves with an increase of the powder size ͓Fig. 4͑b͔͒ and a decrease of the input power ͓Fig. 5͑b͔͒. We emphasize that the uniformity of the ion density is important for many plasma assisted etching and deposition applications. 50 Furthermore, one can also manage the powder CDF by controlling the external parameters. Indeed, the magnitude of the average powder charge can be enhanced by increasing the input power and lowering the neutral gas pressure ͓Figs. 5͑c͒ and 6͑d͔͒. With growth of ͉͗Z d ͉͘, the FWHM of the powder CDF increases. This agrees with observations ͑see Ref. 40 and the references therein͒, where it was found that the averaged particle charge and its fluctuation increase together. The magnitude of the charge increases as the powder surface area increases ͓Fig. 4͑d͔͒, but it decreases with the powder density ͓Fig. 3͑a͔͒. Detailed knowledge of the powder charge is important in integrated circuit manufacturing. Raising the powder charge one can manage conditions for levitation of the particles to prevent their harmful drop onto the wafer.
UVPD of electrons from the nanoparticles can strongly affect the average powder charge and the plasma properties. Intensifying UVPD reduces the number of electrons on the nanoparticles, and thus increases ͓Fig. 7͑a͔͒ n e , and decreases T e and the powder charge. Because of a lack of information on the Si:H nanoparticles, the effect of UVPD has been studied only qualitatively here. However, this process is clearly important for accurate modeling of an electronegative plasma with nanoparticles. Further experimental and theoretical investigations of the particle properties, especially the charging of the nano-and subnano-particles are clearly warranted.
We now discuss the validity of the main assumptions used in this study. First, the powder size and density are external parameters ͑although based on experimental values͒ in our discharge model. To predict their dependence on the neutral gas pressure and temperature, and plasma volume, a detailed study of the powder growth process 29, 37 is required. For simplicity, processes in the plasma sheaths as well as the powder dynamics have not been considered. Accounting for these complex processes could somewhat improve our model of the electronegative discharge.
In this study, the charged nanoparticles were treated as immobile point masses with the invariable number density. We have also assumed that the discharge is steady and that the powder size is fixed, which is often not the case in real chemically active plasmas.
1 In reality, the variously charged dusts are generated in silane discharges as a result of complex chemical reactions of anions or radicals with SiH 4 molecules and lost to the pumping and diffusion processes. In most powder-generating discharges the nanoparticle loss process is somewhat slower than the generation one and the dust size and number density increase in time. 49, 58 In this sense the dust-contaminated discharges are nonstationary and the growing dusts dynamically affect the number densities of the plasma electrons and ions. However, the characteristic time scales for the nanoparticle size and density variations NP are much longer than those for the electron/ion losses due to the recombination and diffusion. For example, only a minor (ϳ1%) variation of the fine particle density over the time scales NP ϳ10 ms was reported for typical silane discharges. 49 Therefore, the process of powder growth in the silane plasma may be treated as quasistationary in the model.
The characteristic time of the powder diffusion in a parallel plate discharge geometry can be estimated 59 Ϫ4 s. Therefore, the time scales for the dust size variation and motion/diffusion are much longer as compared with the corresponding time scales of the establishment of the discharge equilibrium state controlled by much faster electron/ion creation and loss processes. Hence, the electrons and ions dynamically reach the equilibrium at any slowly variable powder size and density, which justifies the assumption of the overall charge neutrality in Eq. ͑1͒.
It is also notable that the focus of this article is on the various processes in the ionized gas phase involving nanosized particles. The balance/conversion of the neutral species was not included in the model and SiH 4 was assumed a sole neutral species in the discharge. Despite the abundance of various neutral radicals in real silane-based discharges, our model remains accurate when the silane gas conversion into radical and ionic products is inefficient. This situation is quite typical for many thin film deposition processes in undiluted silane disharges. 7 The specifics of the neutral species can nevertheless affect the collision and creation/sink rates of the plasma species. However, inclusion of monomer radicals ͑e.g., SiH, SiH 2 , and SiH 3 ) would only marginally affect the results of our computations due to low number densities of the radicals and small mass and cross-section difference with the SiH 4 molecules. Furthermore, the positive SiH 3 ϩ and negative SiH 3 Ϫ ions of our model are predominantly generated as a result of the electron impact processes involving SiH 4 .
We now discuss the situations when incorporation of the neutral radicals in the model is crucial. For example, neutral radicals, such as SiH 3 , are the key species in the deposition of a-Si, hydrogenated silica and other silicon-based fims in low-pressure discharges in pure SiH 4 . [60] [61] [62] Besides, highly reactive neutral radicals such as SiH 2 , can efficiently support the gas-phase nanopowder nucleation and growth processes in dense argon-diluted silane plasmas. 29 However, the detail modeling of these processes is outside the scope of this article.
Here, we have used the OML model for the charging of relatively large (ϳ10 nm) nanoparticles. We note, however, that the OML theory is not applicable for particles a few nanometers in size. 1, 29 In this range the electron collection rate depends not only on the size, but also on the electronic surface structure of the nanograin. For example, Fridman et al. 26 found that vibrational excitation can play an important role in the electron-powder attachment process. In such cases, a quantum treatment is required. On the other hand, our model of the complex electronegative SiH 4 discharge plasma containing nanopowder ac-counts for the major physical effects such as plasma particle sources and sinks in the system. We note that existing models 26, 37 considered averaged plasma parameters, and we investigated self-consistently the cross-sectional profiles of the governing quantities. The model can be straightforwardly extended to other reactive plasmas containing charged powder, such as the hydrocarbon-3 and fluorocarbon-based 63 powder generating systems. In summary, we have studied the role of the plasma parameters in the management of nanosize powder particles in a low-pressure parallel-plate silane discharge. The spatial profiles of the electron and positive/negative ion densities, electron temperature, and powder CDFs have been computed for various external and plasma parameters using a selfconsistent fluid model. It is shown that the input power, working gas pressure, powder size, and density strongly affect the electron temperature, electron/ion density, and spatial uniformity of the positive ion density. We have shown that one can optimize the parameters to minimize the generation of the negative ion precursors of the fine powder and the required electron temperature. It is also demonstrated that in the presence of the nanoparticles positive ion density profiles with high uniformity can be obtained by controlling the neutral gas pressure, input power, powder size, and its density. Furthermore, powder CDFs can also be managed through control of the external discharge parameters.
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